We report the abundance analysis of new high S/N spectra of the most metalpoor ([Fe/H] = −2.95) star presently known to be a member of a dwarf galaxy, the Draco dSph red giant, D119. No absorption lines for elements heavier than Ni are detected in two Keck HIRES spectra covering the λλ 3850-6655Å wavelength range, phenomenon not previously noted in any other metal-poor star. We present upper limits for several heavy element abundances. The most stringent limits, based on the non-detection of Sr II and Ba II lines, indicate that the total s-and r-process enrichment of D119 is at least 100 times smaller than Galactic stars of similar metallicity. The light element abundances are consistent with the star having formed out of material enciched primarily by massive Type II supernovae (M > 20-25 M ⊙ ). If this is the case, we are forced to conclude that massive, metal-poor Type II supernovae did not contribute to the r-process in the proto-Draco environment. We compare the abundance pattern observed in D119 to current predictions of prompt enrichement and pair-instability supernovae and find that the model predictions fail by an order or maginitude or more for many elements.
Introduction
The elements heavier than the iron group are believed to be produced primarily by neutron-capture processes. In their landmark work on the origin of the elements, (Burbidge et al. 1957) introduced the idea that the production of heavy elements depends on whether the rate of neutron capture is fast relative to the beta-decay timescale of the resulting nucleus ("r-process") or slow relative to beta-decay ("s-process).
The exact astrophysical sites of these processes have been the basis of much research. Sneden & Cowan (2003) and Truran et al. (2002) review the current understanding of the origin of the neutron-capture elements. The s-process is generally accepted to occur in two sites: the He-burning cores of massive stars and the thermally pulsing He shells of AGB stars. However, the specific site of the r-process is an unsolved problem, but it is strongly suspected that Type II supernovae play an important role. Truran et al. (2002) point out four possible sites, three of which occur in Type II supernovae explosions.
The mass range of Type II supernova progenitors that host the r-process is also under debate. Mathews et al. (1992) , Travaglio et al. (1999) and Wanajo et al. (2003) propose that 8-10 M ⊙ progenitors are the predominant contributors to the r-process. This mass range provides the best fit between their r-process production models and the observed distribution of neutron-capture elements as a function of [Fe/H] . Alternatively, Tsujimoto et al. (2000) suggest that the largest contributors to the r-process are 20-25 M ⊙ progenitors. They do not place an upper mass limit to r-process contributors, but they do not believe that the low mass Type II supernovae are significant contributors to the r-process.
Additionally, it has been suggested that an additional "prompt" enrichment episode is necessary to enrich the protogalactic medium before the formation of metal-poor stars. Qian & Wasserburg (2001) , Qian & Wasserburg (2002) and Qian (2003) put forth a multicomponent model for early chemical evolution. The three components of the model are a "prompt" (P) component that represents the contribution from very high mass (M > 100 M ⊙ ) Population III stars, plus "high"-and "low"-frequency (H and L) enrichment events, both identified with Type II supernova. The prediction for the prompt enrichment contains contributions of the light neutron-capture elements Sr, Y and Zr.
A possible source of any prompt enrichment episode may have been a population of zerometallicity stars. Heger & Woosley (2002) and Umeda & Nomoto (2002) provide predictions of the yields of a first generation of very massive (100 to 300 M ⊙ ) stars. These stars explode as pair instability supernovae, and produce a distinctive nucleosynthesis pattern. These supernovae are not predicted to produce large quantities of the neutron-capture elements.
In this paper, we describe our analysis of the red giant star Draco 119 (D119; identification by Stetson 1979) . The star is the most metal poor in the Keck/HIRES sample of Shetrone et al. (1998) which reports analysis of a relatively low S/N (∼ 25) red spectrum of the giant. Their reported [Fe/H]=−2.97 placed the star in an interesting range of abundance: nearly 1 dex more metal poor than any Galactic globular cluster, and as metal poor as the point where the extreme Galactic halo shows striking new abundance trends (McWilliam et al. 1995; Ryan et al. 1996; Johnson 2002) . The star was targeted for observation by one of us (RMR) to discover whether such a star would fit into the extrapolation of the abundance trends for Galactic globular cluster giants, or would rather show abundance patterns characteristic of the ultra metal-poor halo stars.
Even after detailed abundances have been analyzed for some 40 additional giants in every Milky Way dwarf spheroidal galaxy except for Leo II, D119 remains to date as the most metal-poor star presently documented in any Milky Way dwarf spheroidal galaxy (Shetrone et al. 1998; Bonifacio et al. 2000; Shetrone et al. 2001 Shetrone et al. , 2003 McWilliam et al. 2003 ).
Compared to the effort of Shetrone et al. (1998) we have invested considerably more integration time and pushed blueward, yielding two spectra of considerably higher S/N. In the course of analyzing this star, we discovered the extreme deficiency of neutron-capture elements in this star, as immediately evidenced by the lack of a detectable Ba II 4554Å line, the first ever such case in a metal-poor cool giant.
Given the unique nature of D119, we compare it to the bright, well studied halo star HD 88609 which shares similar stellar parameters, and to BD +80 245, a low-alpha metalpoor halo star (Carney et al. 1997; Ivans et al. 2003) with low [Ba/Fe], yet still not as extreme as D119. We finally compare the observed abundance distribution of D119 to predictions of early enrichment from a range of supernova models.
Observations and Abundance Analysis
The data are obtained using two settings of the HIRES spectrograph (Vogt et al. 1994) on the Keck I telescope. For both settings a slit returning a resolution of 45000 was used. The first setting, used on 6 July 2000, covers the wavelength range from λλ 3850-6280Å. Five 3000 s exposures were taken with this setting. The second setting, used on 29 June 2001, covers the wavelength range of λλ 4225-6655Å, with some gaps in the wavelength coverage. Seven 3000 s exposures were taken with this setting. The data were reduced using the MAKEE 2 data reduction package. The final signal-to-noise (S/N) varies as a function of wavelength, reaching over 60 per pixel in the red, but falling to ∼ 5 per pixel in the blue. The S/N at the λ 4077Å and λ 4215Å Sr II lines is about 7 per pixel, while the S/N at the λ4554Å and λ4934Å Ba II lines is about 35 per pixel.
We checked the star for signs of binarity by comparing the observed heliocentric radial velocities. Matt Shetrone provided us with the 28 August 1997 HIRES spectrum used in Shetrone et al. (1998) . The mean radial velocity for D119 was measured to be −293.9 ± 0.1 km/s. The difference in radial velocity between the July 2000 and June 2001 spectrum is −0.2 ± 0.1 km/s, while the difference in radial velocity between the August 1997 and June 2001 is +0.2 ±0.3 km/s. We do not detect any large radial velocity variations over the nearly four years spanned by the spectra.
The initial line list was taken from Johnson (2002) , which studied similar metallicity giants in the Galactic halo. Additional lines were added from Johnson & Bolte (2002) , Fulbright (2000) and sources therein. Hyperfine splitting was taken into account for Na I D, Al I, Mn I, Co I, Sr II, Ba II, and Eu II lines. The C abundance of the two stars were determined by CH lines in the G-band using a line list provided by Andy McWilliam based on Brown et al. (1987) . The line list and equivalent width measurements for both stars are given in Table 1 .
Many of the interesting absorption lines in D119 are very weak or undetectable in our spectra. To place meaningful upper limits on the abundances of these elements, it is necessary to calculate upper limits for the equivalent widths of these lines. The full Fe line list contains nearly 200 lines, but only 96 were used in the final abundance analysis. We reject many of the remaining lines because they are too weak to measure. The Fe abundance determined from the measured Fe lines can then be used to predict the equivalent widths of the weaker, unmeasured, Fe lines. By comparing the estimated equivalent widths of these lines against the observed spectrum, we estimate the detection limit as a function of wavelength and S/N.
The value of this limit is roughly twice that given by Cayrel (1988) for the measurement error of the equivalent width of a line. This "two-sigma limit" allows for the estimation of the measurement limit in regions where there are no Fe lines. The two-sigma limit is ∼ 5 mÅ in the red, but increases to ∼ 20-30 mÅ in the blue.
To compare D119 to similar stars in the Galactic halo, we have re-analyzed the wellstudied halo star HD 88609. Previous analyses of HD 88609 (Johnson & Bolte 2002; Johnson 2002; Fulbright 2000) show that this star is typical of very metal-poor halo giants and has stellar parameters similar to those of D119. In the re-analysis, we adopt primarily the equivalent width measurements of HD 88609 from the three papers cited above. Additional lines were measured from the Keck/HIRES spectra kindly provided by Jennifer Johnson.
The abundance analysis is conducted using the LTE code MOOG (Sneden 1973) and Kurucz 3 atmospheres that do not include overshooting. Using a model with overshooting raises most of the log ǫ values of all the neutral species by ∼ 0.1 dex, but has very little effect on the ionized species. Shetrone et al. (1998) uses stellar parameters based on Fe lines, but Kraft & Ivans (2003) show that while T eff values based on the excitation plot of Fe I may be reliable, surface gravities based on the ionization equilibrium of Fe are not reliable for metal-poor globular cluster giants. For this star, we adopt a T eff value of 4440 K, derived from the Alonso et al. (1999a) B-V calibration, assuming a reddening to the Draco dSph of 0.03 mag (Mateo 1998) . If a distance modulus of 19.58 to Draco is assumed (Mateo 1998) , then D119 has M V = −2.2. From Equation 1 of Kraft & Ivans (2003) and the bolometric corrections of Alonso et al. (1999a) , the resulting log g value is 0.88. If the Shetrone et al. T eff value of 4370 K is used, the log g value only drops to 0.86. This is considerably higher than the Shetrone et al. log g of 0.3. When our value of log g is used, the difference log n(Fe I) -log n(Fe II) is −0.02 dex.
We find a microturbulent velocity of 2.4 ± 0.1 km/s by forcing the abundance given by Fe I lines to be independent of line strength. The uncertainty in the mictroturbulent velocity, v t , was computed by multiplying the uncertainty in the slope of the least-squares fit to the log ǫ(Fe I) vs. log (Reduced Width) plot by the inverse of the change in this slope as a function of v t .
For HD 88609, we adopt the Alonso et al. (1999b) T eff value of 4600 K. Hanson et al. (1998) found M V = −1.2 for this star, which results in a log g value of 1.38. We determine a microturbulent velocity of 2.1 ± 0.1 km/s.
Uncertainties for the abundances are calculated assuming the errors in stellar parameters and equivalent widths are independent. The uncertainty from parameter errors are approximated by changing the T eff value by 150 K and altering the log g and other parameters accordingly. The uncertainty from line measurements is based on the calculations discussed above. For D119, the dominant contribution to error in the abundance determination comes from errors in the equivalent widths, while for HD 88609, uncertainties in the stellar parameters are the dominant contribution to the error in the abundance determination.
The final abundances, uncertainties, and upper limits for D119 and HD 88609 are given in Table 2 . As suggested by Kraft & Ivans (2003) , we have used the Fe I abundance in determining the [X/Fe] ratio from neutral species and the Fe II abundance for singly-ionized species and [O I]. One of the advantages of using this method for computing abundance ratios is that there is a reduced sensitivity to parameter changes.
D119 and the Early Enrichment
Strontium and barium have the strongest absorption lines for neutron-capture elements. In HD 88609, the λ4077Å and λ4215Å Sr II lines have equivalent widths of 167 mÅ and 160 mÅ and the λ4554 Ba II line has an equivalent width of 91 mÅ. We did not detect these two lines, nor any lines of any element heavier than Ni in D119. While it is difficult to prove a trend with just two stars, this may indicate that the whole of Draco started off as Ba-difficient, and whatever increased the metallicity of the star-forming gas was accompanied by events that created Ba. At high enough metallicity, the initial difficienty became negligable. It would be of interest to determine whether Draco 24 also has a low [Sr/Fe] ratio.
The Sextans star, S49 is of similar metallicity to D119 ([Fe/H] = −2.85), but has a [Ba/Fe] value similar to that of Milky Way stars. Whatever caused the lack of Ba (and by extention, Sr) within Draco did not affect a similar star in the Sextans dSph galaxy.
Comparison to Type II Supernova Models
The production of light elements in Type II supernovae is believed to be a strong function of the progenitor mass. Heavier progenitors should produce more oxygen and magnesium with respect to calcium and titanium. For example, the Type II models of Nomoto et al. (1997) , assuming all the ejecta is well-mixed before forming new stars, predict a [Mg/Ca] ratio of +0.47 for a 70 M ⊙ progenitor and a ratio of −0.42 for a 13 M ⊙ progenitor. In other words, all the stars have similar high-mass contributions as evidenced by their high [Mg/Fe] ratios. The difference in [Mg/Ca] ratios between the stars therefore depends on the prediction that lower-mass supernovae are significant contributors of Ca. Thus one would predict that D119 would show lower abundances in other elements that are made in significant amounts by low-mass progenitors.
From the Nomoto et al. (1997) models, these elements include Ti, and most of the Fegroup elements (namely, Cr, Mn, Co, Ni, Cu, and Zn). However, interpreting these results is difficult because any combination of the Nomoto et al. (1997) models cannot reproduce the observed abundances of metal-poor stars for several of these elements. For example, all progenitor masses produce sub-solar [Ti/Fe] ratios although the vast majority of metal-poor stars show super-solar [Ti/Fe] ratios. This problem is a reminder of the speculative nature of using nucleosynthesis models to interpret abundance observations. Umeda & Nomoto (2002 , 2003 explore how progenitor mass, explosion energy and mixing/fallback affect the [(Zn, Co, Mn, Cr)/Fe] ratios in ejecta from zero-metallicity supernovae. One result is that higher mass progenitors should have lower [Zn/Fe] ratios, but mixing/fallback and high explosion energy enhance the [Zn/Fe] ratio. While these ratios in D119 may be systematically lower than those seen in HD 88609, the uncertainties are large. An improved analyses with higher S/N spectra could utilize this diagnostic.
Alternatively, the pattern of high Na, Mg, and Al, but low Ca and Ti in D119 is similar to what Chieffi & Limongi (2002) and Imbriani et al. (2001) found for supernova models with high C abundances left by central He burning. However, it is difficult to understand how environment (e.g., in Draco vs. the Milky Way) would affect the central burning properties of massive stars, so this alone could not explain the abundance differences.
A final difficulty in interpreting the nucleosynthesis models is the fate of the massive stars. Heger et al. (2003) find that for the most metal-poor supernovae, those with masses of about 25 to 40 M ⊙ will leave a black hole formed from material falling back after the explosion. More massive stars (up to the mass range of hypernovae) do not explode at all and collapse directly into black holes. If significant amounts of material are falling back onto the remnant for stars of even 25 M ⊙ , then the interpretation of the results becomes more dependent on the explosion model.
If it can be confirmed that D119 was solely enriched by the ejecta from high-mass supernovae (M > 20 to 25 M ⊙ ), then this would help eliminate these stars as a site of the rprocess. Mathews et al. (1992) , Travaglio et al. (1999) and Wanajo et al. (2003) suggest that the r-process primarily takes place in lower mass (8-10 M ⊙ ) supernovae. If these theories are correct, D119 may have formed out of the ejecta of higher-mass supernovae before the slower-evolving lower-mass progenitors could evolve.
These results imply the material in D119 came from stars at least as massive as those which Tsujimoto et al. (2000) believe are the primary sites of the r-process. The [Mg/H] ratio of D119 is −2.41, which is right at the point where significant r-process contributions take place in their model. Tsujimoto & Shigeyama (2002) believe that the amount of hydrogen swept up by supernovae in dSph galaxies should be smaller, so a given supernova shell would have higher metal-to-hydrogen ratios than in the Galactic halo. This would make D119 the product of lower-mass supernova. However, metal-to-metal ratios, such as [Mg/Ca], should not be affected by the amount of hydrogen swept up.
Comparison to Prompt Enrichment Models
The abundance pattern of metal-poor halo stars like HD 88609 are well-fit by the Qian & Wasserburg models. The contribution is dominated by the prompt and low-frequency events, with some high-frequency contributions to produce the Eu seen in these stars. These components cannot reproduce the abundance pattern of D119. In Figure 4 (a) we plot the difference in log ǫ between the Qian & Wasserburg models.
All of the models overproduce Si, Ca, and Ti. The low-frequency model is included because it is predicted to produce no heavy neutron-capture elements, but the L-model produces no C and too much Cr and Mn. The P-model also produces too much Sr and possibly too much C, O, Y, Zr, and Zn. There is no combination of the two models that can be made to create a satisfactory match to the abundance pattern of D119, mainly due to the overproduction of Sr by the P-model. Only the H-model produces any Ba, so the non-detection of that element eliminates any sizable H-model contribution to D119.
Some of the differences seen in Figure 4 (a) may be due to systematic differences (potentially on the order a few tenths of a dex) between the abundance analysis applied here and the previous analyses used to calculate the Qian & Wasserburg models. A systematic analysis might show the abundance ratios of D119 are roughly consistent with the L-model predictions.
If some dSph galaxies did not undergo a prompt enrichment episode, then other very metal-poor stars in these galaxies should show abundance patterns similar to that of D119. If these small galaxies are the CDM building blocks of larger galaxies, then these r-process poor stars should exist around the Milky Way. Therefore, it is of great interest to determine if other dSph galaxies have r-process poor stars and whether there are accreted versions of D119 within the Galaxy.
Zero-metallicity pair-instability hypernovae and normal supernovae have been suggested as the source of any prompt enrichment. (2002) hypernovae models and D119, plotting the scaled models for He core masses of 75, 100, and 125 M ⊙ . One characteristic of the nucleosynthesis of pair production supernovae is the pronounced odd-even effect. This pattern would make it difficult for any combination of models to reproduce the abundances of D119. For example, the models all overproduce Cr and underproduce Sc. The zero-metallicity models of both Umeda & Nomoto (2002) for both supernovae (13 to 30 M ⊙ ) and hypernovae (150 to 270 M ⊙ ) also show this same strong odd-even effect.
Another Low [Ba/Fe] Star: BD +80 245
The unusual α-poor nature of the metal-poor halo star BD +80 245 was discovered by Carney et al. (1997) . Unlike most metal-poor stars at [Fe/H] ≈ −2, which have super-solar [α/Fe] ratios (see Figure 3 ), BD +80 245 shows sub-solar ratios. Further, Fulbright (2000) found that [Ba/Fe] and [Eu/Fe] are ∼ 1 and ∼ 2 dex below the ratios seen in other halo stars of similar metallicity.
There are two possible explanations for the abundance pattern in BD +80 245. Since low-mass Type II supernovae produce lower α/Fe ratios, the star could be the product of a system only contaminated by low-mass events. However, the evidence provided here by D119 points to low-mass events being producers of r-process elements, so BD +80 245 should show high [Ba/Fe] and [Eu/Fe] ratios, in contrast to observations. The alternative explanation, that BD +80 245 is formed out of some Type II ejecta mixed with Type Ia ejecta, is a more likely explanation for the abundance pattern found in this star. Ivans et al. (2003) further explores the possible enrichment history of this class of metal-poor, α-poor stars.
Summary
We have analyzed new high S/N spectra of the metal-poor Draco dSph star D119, confirming ([Fe/H]=−2.96) that this star remains the most metal poor star presently known in any dwarf galaxy. Our spectra of D119 show no measurable lines for any neutron capture elements, a phenomenon not previously noted in any star. One other star nearly as metal poor in the Sextans dwarf spheroidal does not have the peculiar composition of D119. While binary mass transfer processes can account for excesses of neutron capture elements, we can imagine no astrophysical process which might deplete so completely the heavy elements. The unique composition of D119 must be attributed to the chemical enrichment history of the gas from which it was formed.
The abundance ratios of Draco 119 are consistent with that expected for material formed from the ejecta of massive Type II supernovae, a hypothesis that would also be consistent with the great age and low metallicity of the Draco dwarf spheroidal galaxy Grillmair et al. (1998) . This is consistent with the predictions of Mathews et al. (1992) , Travaglio et al. (1999) and Wanajo et al. (2003) , which places the r-process in low mass Type II supernovae, and may conflict with the prediction of Tsujimoto et al. (2000) who propose intermediate to massive Type II SNe as the site of the the r-process. The heavy element abundance distribution disagrees with the prompt enrichment predictions of Qian & Wasserburg and the pair-production supernovae models of Heger & Woosley (2002) and Umeda & Nomoto (2002) . At present we find no supernova model with predicted yields that can fit our observations. a CH line analysis assumed a disassociation energy of 3.47 eV. Lines with "bl" in the EW columns were lines analyzed as blends with the line preceeding it in the list, with the given EW assumed to cover both lines.
b ines with log gf values marked as "hfs" were treated as blend of many hyperfine components. Hyperfine data taken from Johnson (2002) , McWilliam (1998), and McWilliam et al. (1995) . Ryan et al. (1996) , Burris et al. (2000) , Fulbright (2000) , Johnson (2002) and Ivans et al. (2003) . All of the field stars (with the exception of BD +80+245) are plotted using the same symbol to prevent confusion. Except for D119, the dSph sample comes from Shetrone et al. (2001) and Shetrone et al. (2003) . In both plots, the upper limits for D119 clearly lie below other stars of similar metallicity. 
